We present the analysis of photometric and spectroscopic data of six bright Galactic Cepheids: GH Carinae, V419 Centauri, V898 Centauri, AD Puppis, AY Sagittarii, and ST Velorum. Based on new radial velocity data (in some cases supplemented with earlier data available in the literature), these Cepheids have been found to be members in spectroscopic binary systems. V898 Cen turned out to have one of the largest orbital radial velocity amplitude (> 40 km s −1 ) among the known binary Cepheids. The data are insufficient to determine the orbital periods nor other orbital elements for these new spectroscopic binaries.
INTRODUCTION
Classical Cepheid variable stars are primary distance indicators because owing to the famous period-luminosity (P -L) relationship they rank among standard candles in establishing the cosmic distance scale.
Companions to Cepheids, however, complicate the situation. The contribution of the secondary star to the observed brightness has to be taken into account when involving any particular Cepheid in the calibration of the P -L relationship. Binaries among Cepheids are not rare at all: their frequency exceeds 50 per cent for the brightest Cepheids, while among the fainter Cepheids an observational selection effect encumbers revealing binarity (Szabados 2003a) .
It is essential to study Cepheids individually from the point of view of binarity before involving them in any calibration procedure (of e.g. P -L or period-radius relationship). This attitude is especially important if Cepheid-related relationships are calibrated using a small sample. However, a deep observational analysis of individual Cepheids can only be performed in the case of their Galactic representatives. When dealing with extragalactic Cepheids, unrevealed binarity is one of the factors that contribute to the dispersion of the P -L relationship. A detailed list of physical factors responsible for the finite width of the P -L relationship around the ridge line approximation is given by .
The orbital period of binaries involving a supergiant Cepheid component cannot be shorter than about a year. Spectroscopic binaries involving a Cepheid component with orbital periods longer than a decade are also known (see the on-line data base on binaries among Galactic Cepheids: http://www.konkoly.hu/CEP/orbit.html). Therefore, a first-epoch radial velocity curve, especially based on data obtained in a single observational season, is usually insufficient for pointing out an orbital effect superimposed on the radial velocity changes due to pulsation. In the case of pulsating variables, like Cepheids, spectroscopic binarity (SB) manifests itself in a periodic variation of the γ-velocity (i.e., the radial velocity of the mass centre of the Cepheid). In practice, the orbital radial velocity variation of the Cepheid component is superimposed on the radial velocity variations of pulsational origin. To separate the orbital and pulsational effects, knowledge of the accurate pulsation period is essential, especially when comparing radial velocity data obtained at widely differing epochs. Therefore, the pulsation period and its variations have been determined with the method of the O − C diagram (Sterken 2005) for each target Cepheid. Use of the accurate pulsation period obtained from the photometric data is a guarantee for the correct phase matching of the (usually less precise) radial velocity data.
In this paper we point out spectroscopic binarity of six bright Galactic Cepheids by analysing radial velocity data. The structure of this paper is as follows. The new observations and the equipments utilized are described in Section 2. Section 3 are devoted to the results on the six new SB Cepheids: GH Carinae, V419 Centauri, V898 Centauri, AD Puppis, AY Sagittarii, and ST Velorum, respectively. Basic information on these Cepheids are found in Table 1. Finally, Section 4 contains our conclusions.
NEW OBSERVATIONS

Spectra from Siding Spring Observatory
We performed a radial velocity (RV) survey of Cepheids with the 2.3 m ANU telescope located at Siding Spring Observatory, Australia. The main aim of the project was to detect Cepheids in binary systems by measuring changes in the mean values of their RV curve which can be interpreted as the orbital motion of the Cepheid around the center of mass in a binary system (change of γ-velocity). The target list was compiled to include Cepheids with single-epoch radial velocity phase curve or without any published radial velocity data. Several Cepheids suspected members in spectroscopic binaries were also put on the target list. Medium-resolution spectra were taken with the Double Beam Spectrograph using the 1200 mm −1 gratings in both arms of the spectrograph. The projected slit width was 2 ′′ on the sky, which was about the median seeing during our observations. The spectra covered the wavelength ranges 4200-5200Å in the blue arm and 5700-6700Å in the red arm. The dispersion was 0.55Å px −1 , leading to a nominal resolution of about 1Å.
All spectra were reduced with standard tasks in IRAF 1 . Re-1 IRAF is distributed by the National Optical Astronomy Observatories, duction consisted of bias and flat field corrections, aperture extraction, wavelength calibration, and continuum normalisation. We checked the consistency of wavelength calibrations via the constant positions of strong telluric features, which proved the stability of the system. Radial velocities were determined only for the red arm data with the task fxcor, applying the cross-correlation method using a well-matching theoretical template spectrum from the extensive spectral library of Munari et al. (2005) . Then, we made barycentric corrections to every single RV value. This method resulted in a 1-2 km s −1 uncertainty in the individual radial velocities, while further tests have shown that our absolute velocity frame was stable to within ±2-3 km s −1 . This level of precision is sufficient to detect a number of Cepheid companions, as they can often cause γ-velocity changes well above 10 km s −1 .
FEROS observations in ESO
V898 Centauri was observed on four consecutive nights in April, 2011, using the FEROS (Fiber-fed Extended Range Optical Spectrograph) instrument on the MPG/ESO 2.2 m telescope in La Silla Observatory, Chile (see Table 10 ). The FEROS has a total wavelength coverage of 356-920 nm with a resolving power of R = 48 000 (Kaufer et al. 1999 (Kaufer et al. , 2000 . Two fibres, with entrance aperture of 2. ′′ 7, simultaneously recorded star light and sky background. The detector is a back-illuminated CCD with 2948×4096 pixels of 15 µm size. Basic data reduction was performed using a pipeline package for reductions (DRS), in MIDAS environment. The pipeline performs the subtraction of bias and scattered light in the CCD, orders extraction, flat-fielding and wavelength calibration with a ThAr calibration frame (the calibration measurements were performed at the beginning of each night, using the ThAr lamp).
After the continuum normalization of the spectra using IRAF we determined the radial velocities with the task fxcor, as in the case of the SSO spectra (see Sect. 2.1). The velocities were determined in the region 500-600 nm where a number of metallic lines are present and hydrogen lines are lacking. We made barycentric corrections to each RV value with the task rvcorrect. The estimated uncertainty of the radial velocities is 0.05 km s −1 .
CORALIE observations from La Silla
GH Car was among the targets during multiple observing campaigns between April 2011 and May 2012 using the fiber-fed highresolution (R ∼ 60000) echelle spectrograph CORALIE mounted at the Swiss 1.2 m Euler telescope at ESO La Silla Observatory, Chile. The instrument's design is described in Queloz et al. (2001) ; recent instrumental updates are found in Wilson et al. (2008) . The spectra are reduced by the efficient online reduction pipeline that performs bias correction, cosmics removal, and flatfielding using tungsten lamps. ThAr lamps are used for the wavelength calibration. The reduction pipeline directly determines the RV through cross-correlation (Baranne et al. 1996 ) using a mask that resembles a G2 spectral type. The RV stability of the instrument is excellent and for non-pulsating stars the RV precision is limited by photon-noise, see e.g., Pepe et al. (2002) . However, the precision achieved for Cepheids is lower due to line asymmetries. Table 2 . The pulsation period of GH Car is constant
We estimate a typical precision of ∼ 0.1 km s −1 (including systematics due to pulsation) per data point for our data. The radial velocity data are listed in Table 4 .
RESULTS
GH Carinae
Accurate value of the pulsation period The brightness variability of GH Car (HD 306077, V = 9.18 mag.) was revealed by Oosterhoff (Hertzsprung 1930) . This Cepheid pulsates in the first overtone mode, therefore it has a small pulsational amplitude and nearly sinusoidal light (and velocity) curve.
In the case of Cepheids pulsating with a low amplitude, the O − C diagram constructed for the median brightness is more reliable than that based on the moments of photometric maxima ). Therefore we determined the accurate value of the pulsation period by constructing an O − C diagram for the moments of median brightness (the mid-point between the faintest and the brightest states) on the ascending branch of light curve since it is this phase when the brightness variations are steepest during the whole pulsational cycle.
All published observations of GH Car covering half a century were re-analysed in a homogeneous manner to determine seasonal moments of the chosen light curve feature. The relevant data listed in Table 2 are as follows: Column 1: Heliocentric moment of the median brightness on the ascending branch; Col. 2: Epoch number, E, as calculated from Eq. 1: C = 2 451 266.2198 + 5.725 532×E
(1) ± 0.0038 ± 0.000 004 (this ephemeris has been obtained by the weighted least squares fit to the tabulated O − C differences); Col. 3: the corresponding O − C value as calculated from Eq. 1; Col. 4: weight assigned to the O − C value (1, 2, or 3 depending on the quality of the light curve leading to the given difference); Col. 5: reference to the origin of data, preceded by the name of the observer if different from the author(s) cited.
The plot of O −C values shown in Fig. 1 can be approximated with a constant period. The scatter of the points in the figure reflects the observational error and uncertainties in the analysis of the data.
Binarity of GH Car
There are no published radial velocity data for this bright Cepheid. The phase diagram of our RV observations is plotted in Fig. 2 . The observational data have been folded on the For the first season, the γ-velocity (the mean RV averaged over a pulsational cycle) was −4.6 km s −1 , while one year later it became −3.5 km s −1 , while the CORALIE data result in the value of −5.3 km s −1 for the γ-velocity. Though the difference is small, homogeneity of the data and the identical treatment is a guarantee that the shift is not an artifact of the analysis. The individual data are listed in Tables 3-4 . Spectroscopic binarity of GH Car has to be verified by further observations.
V419 Centauri
Accurate value of the pulsation period The brightness variability of V419 Cen (HD 100148, V = 8.19 mag.) was revealed by O' Leary & O'Connell (1937) . This Cepheid also pulsates in the first overtone mode, so the O − C diagram was also constructed for the moments of the median brightness on the ascending branch, similarly to the case of GH Car (see Sect. 3.1).
The O − C diagram of V419 Cen based on the O − C values listed in Table 5 is shown plotted in Fig. 3 . The plot can be approximated by a constant period by the ephemeris for the moments of median brightness on the ascending branch: C = 2 452 357.3949 + 5.507 123×E
(2) ± 0.0053 ± 0.000 005 However, a parabolic pattern indicating a continuously increasing period cannot be excluded. For the proper phasing of the RV data it is important that the O − C differences are about zero for each epoch when radial velocity data were obtained.
Binarity of V419 Cen
All RV data (including the new ones listed in Table 6 ) have been folded on the accurate pulsation period taken from the ephemeris given in Eq. 2, so the different data series have been correctly phased with respect to each other. The merged RV phase curve is plotted in Fig. 4 . The individual data series are denoted with different symbols: filled squares -radial velocities from 1952 by Stibbs (1955) ; empty triangles -data by Lloyd Evans (1980) Variability in the γ-velocity is striking. Systematic errors can be excluded. Although our 2006 data are shifted to a larger value of the γ-velocity, similarly to the case of GH Car (see Sect. 3.1), other new spectroscopic binaries and dozens of Cepheids in our sample with non-varying γ-velocities indicate stability of the equipment and reliability of the data reduction. Another piece of evidence in favour of the intrinsic variability of the γ-velocity is that both Stibbs (1955) and Lloyd Evans (1980) used the same spectrograph during their observations. To have a clearer picture, the γ-velocities (together with their uncertainties) are listed in Table 7 and also plotted in Fig. 5 . The last two points (which are the most accurate ones), i.e., the shift between 2004-2005 and 2006 data implies an orbital period of several 
V898 Centauri
Accurate value of the pulsation period The brightness variability of V898 Cen (HD 97317, V = 8.00 mag.) was revealed by Strohmeier et al. (1964) . This is also a low amplitude Cepheid pulsating in the first overtone mode. The first reliable photometric data were only obtained during the Hipparcos space astrometry mission (ESA 1997). Later on Berdnikov and his co-workers followed the photometric behaviour of V898 Cen (Berdnikov 2008 ).
The O − C diagram of V898 Cen was constructed for the moments of median brightness on the ascending branch (see Table 8 ). The weighted least squares fit to the O − C values resulted in the ephemeris: C = 2 452 353.8356 + 3.527 310×E
(3) ± 0.0052 ± 0.000 008 The O − C diagram of V898 Cen plotted in Fig. 6 indicates constancy of the pulsation period.
Binarity of V898 Cen
The Cepheid variable V898 Cen has been neglected from the point of view of spectroscopy, as well. A spectral type of F3III has been assigned to it in the SIMBAD data base which is atypical of a Cepheid (and probably erroneous). Cepheids are supergiants of Iab or Ib luminosity class and their short period representatives have a late F spectral type. Ironically there is a single RV data, −2.4 ± 2.4 km s −1 (which is an average of two measurements) published by Nordström et al. (2004) in their catalog of 14000 dwarf stars of F and G spectral types. However, the epoch of these particular observations has remained unknown. Therefore, our data provide a first epoch RV phase curve.
It became obvious already in the first observing season that an orbital effect is superimposed on the RV variations of pulsational origin (see the left part of Fig. 7) . Therefore several spectra of V898 Cen have been taken in 2009 and 2011, as well. Our individual RV data are listed in Tables 9 and 10 . Based on these data, the RV phase curve has been constructed using the 3.527310 d pulsation period appearing in Eq. 3. The wide scatter in this phase curve plotted in Fig. 8 corresponds to a variable γ-velocity. The data series has been split into seven segments, denoted by different symbols in Fig. 8: empty The γ-velocities determined from each data segment are listed in Table 11 and are plotted in Fig. 9 . This latter plot implies that V898 Cen is a new spectroscopic binary and the orbital period is about 2000 or 3000 days, depending on whether the most negative value of the γ-velocity occurred before or after our measurements in 2011. The pattern of the points implies a non-sinusoidal shape of the orbital velocity phase curve, with much steeper ascending branch than descending one. This is a strong indication of an eccentric orbit, however far more seasons of observations are needed before attempting to derive accurate orbital elements from the γ-velocity variations. The most important feature of Fig. 9 is the large amplitude of the orbital velocity variations: it exceeds 40 km s −1 . The 'recorder' among the known binary systems involving a Cepheid component has been the system of SU Cygni with a peak-to-peak orbital amplitude of 60 km s −1 (see the on-line data base of Cepheids in binary systems described by Szabados 2003a).
The orbital motion of the Cepheid component around the center of mass in the binary system may cause a light-time effect in the O − C diagram of the given variable star. In the case of V898 Cen the wave-like pattern characteristic of the light-time effect cannot be detected yet (see Fig. 6 ).
To provide reliable values for the physical properties of this bright Cepheid, our FEROS spectra were analysed in detail. The parameters T eff , log g, [M/H], and v sin i were determined by search- The best fitting values are as follows:
The effective temperature obtained by us corresponds to an F9 spectral type supergiant star, a typical value of a short-period Cepheid. Note, however, that these values are preliminary ones. The large number of SSO spectra of all 40 target Cepheids will be analysed for obtaining physical properties with smaller uncertainties.
AD Puppis
Accurate value of the pulsation period The brightness variability of AD Pup (HD 63446, V = 9.91 mag.) was revealed by Hertzsprung (Wesselink 1935) . This is the longest period Cepheid in this paper and it has been frequently observed from the 1950s. Long-period Cepheids are usually fundamental pulsators and they oscillate with a large amplitude. In their case, the O − C analysis is based on the moments of brightness maxima.
The O − C differences of AD Puppis are listed in Table 12 . These values have been obtained by the following ephemeris: C = 2 451 935.3031 + 13.596 919×E (4) ± 0.0065 ± 0.000 040 which contains the constant and linear terms of the weighted parabolic fit to the O −C values. The parabolic nature of the O −C diagram is clearly seen in Fig. 10 .
This parabolic trend corresponds to a continuous period increase of (1.7 ± 0.09) × 10 −6 d/cycle, i.e., ∆P = 0.004567 d/century. This tiny but non-negligible period increase has been caused by stellar evolution: while the Cepheid crosses the instability region towards lower temperatures in the Hertzsprung-Russell diagram, its pulsation period is increasing. Continuous period variations (of either sign) often occur in the pulsation of long-period Cepheids (Szabados 1983) .
The pattern of fluctuations around the fitted parabola shows a wavy nature with a characteristic period of about 50 years as if it were a light-time effect.
Binarity of AD Pup
The earlier RV data by Joy (1937) imply a significantly different γ-velocity (66.5 km s −1 ) than our recent ones (74.0 km s −1 ) in spite of the uncertainty of his individual data as large as 4 km s −1 . Because the zero point of Joy's system is reliable, as discussed by Szabados (1996) , there is no systematic difference of instrumental or data treatment origin between Joy's and the more recent observational series. The only plausible explanation for the shift in the γ-velocity is the orbital motion in a binary system superimposed on the pulsational RV changes. The shift in the γ-velocity is obvious in the phase diagram of the radial velocities of AD Puppis plotted in Fig. 11 where Joy's data are denoted with empty squares, while our data are represented with filled circles. The γ-velocity of AD Pup did not change noticeably during the interval of our observations. Our RV data (listed in Table 13 have been folded with the period as given in the ephemeris in Eq. 4. Figure 10 . O − C diagram of AD Pup. The plot can be approximated by a parabola indicating a continuously increasing pulsation period Figure 11 . Merged RV phase curve of AD Pup. There is an obvious shift between the γ-velocities valid for the epoch of Joy's (1937) data (denoted by empty squares) and our data (filled circles)
Joy's data have been phased with the same period but a proper correction has been applied to correct for the phase shift due to the parabolic O − C graph. The smaller value of the γ-velocity determined from Joy's (1937) data is in a qualitative agreement with the with the wavelike pattern superimposed on the fitted parabola in Fig. 10 . In this particular case the light-time effect interpretation implies a 50-yearlong orbital period.
AY Sagittarii
Accurate value of the pulsation period The brightness variability of AY Sgr (HIP 90110, V = 10.55 mag.) was revealed by Henrietta Leavitt (Pickering 1904) . Hoffmeister (1923) determined the pulsation period to be 6.74426 days from his unpublished visual observations made in [1917] [1918] . Interestingly enough, this period is about 3% longer than the value deduced from the O − C diagram (see Table 14 and Fig. 12 ). Such a strong period change, if it really happened, is unprecedented among classical Cepheids.
AY Sgr is a fundamental mode pulsator, so its O − C diagram has been constructed based on the moments of brightness maxima. The tabulated O − C values have been calculated by using the ephemeris: C = 2 452 449.4622 + 6.569 667×E
(5) ± 0.0044 ± 0.000 004 based on applying a weighted linear least squares fit to the O − C differences.
As is seen in Fig. 12 , the pulsation period of AY Sgr has remained practically constant over decades.
Binarity of AY Sgr
Our new RV data are listed in Table 15 . The first epoch RV phase curve of AY Sgr by Joy (1937) has been followed by our one 25 000 days later. The merged RV phase curve in Fig. 13 shows a significant increase in the γ-velocity during eight decades: at JD 2 427 640 vγ = −22.4 km s −1 , while at JD 2 453 550 vγ = −15.5 km s −1 indicating the membership of AY Sgr in a spectroscopic binary system. During the two observing seasons covered by our spectroscopic observations, no shift in the γ-velocity is apparent. Nevertheless, the larger amplitude of the phase curve based on Joy's data may be the consequence of the 
ST Velorum
Accurate value of the pulsation period The brightness variability of ST Vel (CD −50
• 3533), V = 9.73 mag.) was suspected by Kapteyn (Gill & Innes 1903) and it was reported as a new variable by Cannon et al. (1909) . Being a Cepheid that pulsates in the fundamental mode, the O − C diagram in Fig.14 has been constructed for the moments of brightness maxima listed in Table 16 . The final ephemeris obtained by a weighted parabolic least squares fit is: C = 2 451 939.5962 + 5.858 316×E (6) ± 0.0025 ± 0.000 006 The second order term omitted from Eq. 6 results in a continuous increase in the pulsation period amounting to (3.04 ± 0.58) × 10 
Binarity of ST Vel
The available RV data -those by Pont et al. (1994) and our new ones listed in Table 17 -have been plotted in Fig. 15 . When folding the data into a phase curve, the period of 5.858316 day given in the Eq. 6 was used but due to the parabolic pattern of the O − C graph, a tiny correction was applied when plotting the data by Pont et al. (1994) . It is noteworthy that our own data show an excessive scatter that can be explained in terms of the variation in the γ-velocity. This effect is clearly seen in Fig. 16 where the annual γ-velocities listed in Table 18 have been plotted. The pattern of the points in this figure implies that the orbital period can be several hundred days, which is rather short among the spectroscopic binaries containing a Cepheid component.
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